I. INTRODUCTION
A rod-shaped molecular system may form orthogonal SmA and/or tilted SmC liquid crystalline (LC) phases. These comprise two-dimensional orientationally ordered fluid states with one-dimensional density wave. The phase structure thus is regarded as an arrangement of rod-shaped molecules in smectic layers where the molecules can fluctuate, though these layers are not as well defined as in layered solid crystals. As in nematic LCs, the directorn in smectics is defined as the averaged direction of the long molecular axes of the constituent molecules. The orientational order parameters can describe the orientational distribution function (ODF) of the long molecular axes around the director; the existence of the smectic layers is specified by the positional order parameter. In the SmA phase, the directorn is parallel to the smectic layer normalê, whilen is tilted at an angle θ toê in the SmC phase. When the molecules are optically active, the chiral smectic C phase (SmC*) appears and the spontaneous polarization P S emerges, locally normal to the tilt plane. The tilt plane is formed by the vectorsê andn. Correspondingly smectic A and C phases are denoted as SmA* and SmC*, the star indicates that constituent molecules are chiral. The chirality leads to a lack of mirror symmetry in a plane at right angles to the C 2 axis. In the bulk LC's, the director forms a helicoidal structure in which the helical axis is parallel toê, a) Author to whom correspondence should be addressed: jvij@tcd.ie helical pitch lies usually in the µm range. The SmA*-SmC* phase transition is driven mainly by the intermolecular interactions that produce SmC* but not by the ferroelectric coupling between the permanent dipole moments. Thus the tilt angle, and not the spontaneous polarization in SmC*, is the primary order parameter.
More recently, the SmA phase in the bulk of some smectic LCs is reported to be of the de Vries type with a little layer-shrinkage at the SmA to SmC transition. De Vries in 1977 proposed that molecules in the SmA phase of some smectic LCs are tilted in a particular direction but the tilt direction (specified by the azimuthal angle) varies randomly from one layer to the next. 1 De Vries model predicts SmC R * phase, where R stands for the randomized azimuthal angle that varies randomly from one layer to the next. Such a phase was first discovered by Panarin et al. 2 This phase is also analogous to the sliding phase predicted by O'Hern, Lubensky, and Toner. 3 Leadbetter and Norris 4 made two important observations based on their x-ray scattering results of a new class of nematic and smectic LCs synthesized by George Gray's group in Hull, United Kingdom. These are that (i) the orientational order parameter in the SmA phase in a class of compounds is much lower than in the same phase of most other compounds and (ii) the thickness of the smectic layer in the SmA phase is significantly lower than the extended length of the molecule. Based on the experimental results of the smectic layer thickness obtained using X-ray scattering by A. de Vries and based on an advanced pre-print of the Leadbetter and Norris article, de Vries gave a second model 5 different from his previous one, in order to explain these unusual experimental results of the low layer shrinkage in the SmC phase. In his second model, it was suggested that the local in-layer directors in SmA are tilted in one direction due to the existence of a finite shortrange correlation length. However the tilting sense specified by the azimuthal angle varies within a single layer in this phase. The short-range correlations increase to long-range ones as the SmA to SmC transition temperature is approached. Both de Vries models in their ideal manifestations should lead to the "diffuse-cone shaped" ODF. However, it is not possible to distinguish macroscopically between the validity of one model against the second due to the inability of being able to discriminate the experimental results with predictions from these two models. Whether the correlated tilting directions are randomly oriented either (i) within a single layer or (ii) from layer to layer, and/or both, these cannot be easily discerned from the test of experimental results with the models. Nevertheless if the correlation length in the second model is not sufficiently large and the azimuthal distribution lacks complete randomness, then we could in principle obtain sugar-loaf or broad volcano type ODF in the SmA phase. These models were suggested at a time when mostly achiral molecules constituted smectic phases of LCs.
The SmA* phase of chiral de Vries smectics is found to exhibit unusual properties. These include the observations of (i) large electro-clinic effect, (ii) first-order SmA* to SmC* transition, and (iii) a low layer-shrinkage in the temperature range of the SmC* phase relative to the layer thickness at the SmA*-SmC* phase transition temperature. Lagerwall and Giesselmann reviewed several models in the literature and in doing so, they introduced two ODF's: f (θ,φ) and f (θ ,φ ). 6 Here f (θ,φ) describes the distribution of the long molecular axes with respect to the directorn, and f (θ ,φ ) describes their distribution with respect to the smectic layer normalê. These two ODFs thus differ from each other in terms of a difference in the reference direction of the directors distribution. An explanation of the observed behavior in terms of the various models including the molecular mean-field model of Gorkunov et al. 7 is given. The latter showed that a variation in the interaction potential could lead to both (i) the de Vries as well as to the conventional SmA* phase, and also to (ii) the first order SmA*-SmC* phase transition being observed in some compounds. Saunders et al. explained the de Vries behaviour for both first and the second order SmA*-SmC* phase transitions in smectic liquid crystals by parameterising the coefficients of the Landau expansion. 8 Shen et al. 9 introduced an interesting variation to the de Vries diffuse-cone model by extending the earlier model by Clark et al., 10 whereby the cone-angle is restricted to lie in between the two limiting values of the tilt angle depending on the material but independent of temperature. 9 The lower limit in the cone angle was found from the results of large increase in the birefringence with the field and the upper-limit depended on an increase in the saturated tilt angle by the electric field applied across a planar-aligned cell. The actual angle varied (largely though the electro-clinic effect) in between these two limiting values, depending on the temperature and the electric field applied. The de Vries characteristics such as (a) the field dependency of the birefringence and of (b) the tilt angle were first explained using the Fukuda-Langevin-Debye model 11 with partial success. In the generalised version of their model, Shen et al. expressed the free-energy in terms of both linear and quadratic terms in the electric field. 9 Here we use the Raman scattering to investigate an already proven de Vries smectic liquid crystal to obtain the ODF of the molecular directors in the SmA* phase and to find whether the ODF is sugar-loaf [ Fig. 1(a) ] or is diffuse-cone [ Fig. 1(b) ]. Raman scattering refers to inelastic scattering of light caused by the interaction of incident beam of light with the material medium. Raman spectroscopy is used in many varied fields including such applications where non-destructive, microscopic, and chemical tests in terms of their images can directly be obtained. In our experiment, the scattered light arises mainly from the vibrational modes of molecules. The photons of the laser light are incident on the material, the spectral lines emerge in scattered light, wavelengths of which are both longer (Stokes line, comparatively of large intensity) and shorter (anti-Stokes line, rather of weak intensity) than that of the incident light. In the Raman spectra, the molecular vibrational bands for the Stokes lines appear in the spectra. These spectral lines correspond to the changes in polarizability with respect to the normal position coordinate for a given vibrational band.
A method of obtaining P 2 and P 4 from the Raman spectra was first established by Jen et al. 12 for LCs in the nematic and smectic A phase. A methodology was developed for obtaining the uniaxial order parameters in nematic and smectic phases of a LC in terms of the depolarization ratio. Here the measurements of scattered light for the two orthogonal polarizations of light (parallel and perpendicular to the polarization of the light) incident normally on the medium were considered. The Raman method was subsequently extended by Jones et al. 13 to include an extra variable in the experiment: angle that the director or the reference direction in a cell makes with the polarization direction of the incident light. The technique for both forward and backward scattered intensities of light in altered forms was used for determining the uniaxial and biaxial order parameters for the nematic and smectic phases. 13, 14 Even before the studies of Jones et al. were finalized, Hayashi et al. 15, 16 independently presented a more general vision of the polarized Raman scattering technique and established a method of finding the order parameters. They took into account the polarization angle dependency of the depolarization ratio. This was also included in the methodology by Jones et al. 13 at a later stage. However, Hayashi et al. had also included the corrections arising from birefringence and the refractive effects of the LC under investigation. 15, 16 Sanchez-Castillo et al. 17 generalized the Raman method by including the biaxial order parameters and the correction terms introduced by Hayashi et al. They showed that their methodology reduces to that developed by Hayashi et al., 15, 16 when values of the biaxial order parameters are equated to zero as well as the tilt of the reference direction in the laboratory system relative to the layer normal is zero.
By using the Raman polarized spectroscopic technique, one can obtain, at least in principle, a set of parameters that govern the de Vries behaviour, thus allowing for a comparison of results with those deduced from the several models in the literature to take place. From such comparisons, it may be possible to select the most appropriate model for describing the ODF of the SmA* and SmC* phases of chiral smectics. As already stated above, the polarized Raman scattering methodology developed by Hayashi et al. 15, 16 can usefully give uniaxial, second P 2 and the fourth P 4 order orientational order parameters for the SmA* and SmC* phases of LCs. (for SmC*, the reference direction is shifted to lie along the optic axis/tilt direction). P 2 and P 4 for a prototypal de Vries TSiKN65 compound were found to be extremely low, 18, 19 not only in the absence of the external field but also when a large electric field was applied across a planar-aligned cell. By using their newly developed theory, Sanchez-Castillo et al. 17 investigated a supposedly de Vries compound 9HL by polarised Raman and X-ray scattering techniques, results of which supported a "sugar loaf" ODF for its SmA* phase. Surprisingly, no qualitative difference in the ODF for the SmA* phase was found for supposedly ideal de Vries smectic against the conventional smectic. A possible conclusion can be that 9HL, in spite of it having a small layer shrinkage and a large electro-clinic effect, is not a good candidate for "de Vries smectic." The ODFs for both the conventional and the twist-bend nematic phase of LC dimers were reported recently using Raman spectroscopy; 20 results of the heliconical angle at a particular temperature agreed with those given by the birefringence measurements.
In this paper, Raman scattering and IR spectroscopy are used to determine the azimuthal distribution of the in-layer directors in a heptamethyltrisiloxane derivative compound, MSi 3 MR11, the chemical structure of which is given in Sec. II. This compound was previously found to exhibit a large electroclinic effect and confirmed to have the de Vries characteristics. 21, 22 Here, we determine the orientational order parameters P2 and P4 for both the uniaxial and the biaxial systems. On assuming a specific form of the ODF for the system, we proceed to determine the order parameters, through fits of the analytically derived equations to experimental data. The close fits of the theory to the experiments are used in the methodology for the determinations of the uniaxial and the biaxial order parameters.
II. EXPERIMENTAL DETAILS
The molecular structure and the transition temperatures of MSi 3 MR11 obtained by DSC during cooling cycle at the rate 10°C/min are given in stands for (mono-substituted)," Si 3 stands for three siloxane end groups, the second "MR" stands for the initials of the synthetic chemist who first synthesized it. In this compound, the mesogen MR11 with 11 methylene units is attached to trisiloxane backbone. The mesogenic core of MR11 consists of biphenyl 2-chloro-3-methylpropionate.
Homogeneously planar aligned sandwich LC cells were prepared for Raman experiments and homeotropic-aligned cells made for Infrared (IR) spectroscopic investigations. The cell used in these studies was prepared as follows: the compound in its isotropic liquid state is infiltrated into a homogeneously planar-aligned cell formed by the two ITO coated glass windows that were spaced apart by a Mylar spacer of thickness 15 µm. Prior to it, the ITO coated substrates are spin-coated by polyimide aligning films (Nissan, RN-1266) polymerized using a set procedure, each with a film thickness of approximately 20 nm. Only one of these two film-covered substrates was rubbed in a specific direction to avoid the interface induced electro-clinic effect in the SmA* phase. 21 A homeotropic aligned cell for the IR measurements was prepared from two ZnSe windows, spacing for the cell used was determined by optical interferometry to be 6.1 µm. In this case, each window of the cell is coated by chromolane solution to first form a liquid-like thin film of ∼30 nm thick. This film so deposited on the substrate is cured at a temperature of 120°C. A planar-aligned sample of high quality is obtained by rapid cooling of the cell from the isotropic to SmA*, in the absence of an electric field applied across it. To obtain bookshelf structure in a planar cell, an electric field of 10 V/µm is applied across the cell. This resulted in an irreversible change from the chevron to bookshelf arrangement of molecules within smectic layers in a planar-aligned cell. A well-aligned uniform area of the cell is selected using the polarized light of Leica microscope, an attachment of the micro-Raman spectrometer (µRS). The Raman spectroscopic experiment was carried out by shining the laser light onto a well-aligned area of the cell.
The texture of the LC in a planar cell under a polarizing microscope is recorded (see Fig. 3 ) and is observed to be uniformly bright. The color of the texture arises from the cell's birefringence dependent on the LC phase, cell thickness and the temperature. The observed textures confirm the high quality of a planar alignment in the cell. The micro-Raman Spectrometer (µRS) (Renishaw RM1000) is equipped with an Ar-ion laser as the source. The laser beam of power, 10 mW, at a wavelength of 488 nm is used in the backscattering configuration mode ( Fig. 4) , where the spot size of the laser beam is less than 5 µm in diameter. The laser beam is focussed onto an aligned area of the sample selected prior to initiating these measurements, using objective lens of magnification X20 with a long working distance in the microscope. The LC cell is mounted on a LINCAM hot-stage fixed onto a home-made rotational stage of the Leica microscope. The The molecular and the laboratory frames are described by x, y, z and X, Y, and Z, respectively. In the laboratory frame, θ is the polar angle and φ is the azimuthal angle. The angle ψ describes the biased rotation along its long molecular axis. ω is the angle between the polarisation vector of the incident beam and the Z axis. The laser light is incident along the Y direction, normal to plane of the windows (X-Z) of the cell. Parallel and perpendicular polarizations to the incident light are selected by rotating the analyser by an angle of 90°. light shown in Fig. 4 by rotating the polarizer. The polarized and the depolarized spectra are then measured as a function of the rotation angle ω of the cell by varying ω from 0°to 180°in steps of 10°by rotating the table of the spectrometer to which the hot-stage containing the cell is fixed to find the orientational order parameters. ω is defined as the angle that Z axis of the laboratory frame makes with the polarisation vector of the incident beam of laser light.
The IR absorbance measurements were carried out as a function of temperature from the isotropic state to temperatures deep in the SmC* phase through steps of 0.5 K by using a Fourier transform infrared Bio-Rad FTS-6000 spectrometer in its transmission mode. The spectrometer is equipped with a DTGS detector.
III. RESULTS AND DISCUSSIONS

A. Polarized Raman spectroscopy of homogeneous planar-aligned cells and the analysis in terms of the uniaxial order parameters
An experimental unpolarised Raman spectra of a LC homogeneous planar aligned cell filled with MSi 3 MR11 is shown in Fig. 5 together with its simulated spectra in arbitrary units of intensity using Density Functional Theory [DFT B3LYP/6-31G (d, p)] and a Gaussian 09 software package. 23 As seen from Fig. 5 , the most prominent and the stand-alone Raman line, easily separable from the other spectral lines, is positioned at 1608 cm 1 . This line is assigned to the phenyl ring C− −C stretching vibrations and is used to probe the orientational ordering of molecules. The principal axis with the largest Raman scattering tensor component is almost parallel to the long molecular axis. The depolarization ratio, R, is defined as R = I X I Z . In the isotropic state, R iso calculated using DFT is 0.37. This is in good agreement with the experimental value of 0.36.
The measured scattering intensities for the 1608 cm 1 peak versus ω (the rotation angle) of the cell are shown in Fig. 6 as a linear plot for temperature of 53°C and in Fig. 7 as polar plots for temperatures of 36°C, 46°C, and 56°C with the electric field of +30 V applied across the cell. The (squares) and I X (circles) at a temperature of 53°C for +30 V applied across the planar-aligned cell. ω is defined as the angle between the Z axis ( Fig. 4 ) and the polarization of the incident light and experimentally is varied in steps of 5°. The experimentally measured relative intensity I X (ω) is enlarged compared to I Z (ω) by a factor of 3. Calculated intensities I Z (ω) and I X (ω) using Eqs.
(1) and (2) are shown by the solid lines in each case when the ODF is fitted to the two maxima. The dashed lines represent fitting of the ODF to a single maximum.
two polarizations of the scattered light with reference to the incident light are illustrated in Fig. 4 .
Two approaches have been advanced for describing the orientational order parameters using the Raman technique. Both the conventional (Meier-Saupe mean field model, the sugar-loaf ODF) and the diffuse-cone models for de Vries characteristics, in the absence of electric field, have uniaxial symmetry. Thus the ODF can be expressed in terms of f (θ) dependent only on the polar angle θ, defined in Fig. 4 . The ODF in the laboratory frame is referenced with respect to the Z axis, directed along the layer normal of the bookshelf geometry of the SmA* phase. The function f (θ) can be expanded into a series of Legendre polynomials P n (θ) . The Raman scattering 24, 25 can determine P n (θ) up to n = 4, whereas X-ray scattering 26, 27 and the elastic neutron scattering 28 can find P n (θ) up to n = 6 provided the alignment produces a single domain. However NMR 29 can only determine a set of four scalar order parameters, similar to those found from the IR spectroscopic technique. 31 In a planar-aligned LC cell, both fields: surface and electric, can induce biaxiality in the SmA* phase. As a result, the azimuthal angle φ needs to be included in the ODF, f (θ, φ). One then needs to adopt a more general approach of determining the biaxial order parameters, discussed in Sec. III C.
When an electric field is applied across the cell, the azimuths condense and these lie within narrower limits of the angle. On increasing the field further, the fluctuations of the both the polar and the azimuthal angles with respect to the local director are significantly reduced. It is then possible to describe the system by a uniaxial ODF again by tilting the reference direction along the tilt direction. This can then be expressed in terms of P n (θ) in the laboratory frame where the Z-axis is directed along the optical axis. When the molecular distribution is cylindrically symmetric as in the SmA* discussed above, the Zand X-polarized FIG. 7 . Polar plots of the polarized Raman scattering vibration at 1608 cm 1 for I Z (filled black squares) and I X (filled red circles) both for an applied voltage of +30 V applied across the cell. ω is defined as the angle the Z axis ( Fig. 4 ) makes with the polarization of the incident light. The cell is rotated to vary ω. The measured value I X ,meas (ω) in the plot is multiplied by 2 compared to I Z ,meas (ω). For a temperature of 56°C, the relative intensities I X ,meas (ω) and I Z ,meas (ω) are enlarged by multiplication factors of 1.5 and 3, respectively. The calculated (fitted) intensities I Z (ω) and I X (ω) as per details given in the text are shown by solid lines in each case.
Raman scattered intensities, I Z (ω) and I X (ω), can be expressed in terms of Legendre polynomials P 2 (cos θ) and P 4 (cos θ) . 15, 16 The angle ω between the polarization vector of the incident laser light and the Z axis (optical axis) ( Fig. 4) is varied by rotating the hot-stage, which in turn rotates the Z axis of the sample by an angle ω,
(1) I X (ω) = C 5 (ω) + C 6 (ω) P 2 (cos θ)
(2)
The coefficients C 1 to C 7 with periodicity in ω, 2ω, etc. are expressed in terms of the transmission coefficients of the incident and scattered light polarized along the X and Z axes, respectively [see, Eqs. (A1) and (A2) in the Appendix]. The depolarization parameter R is given by Eq. (A3) (Appendix). This depends on birefringence, ∆n, sample thickness, d, and wavelengths of incident, λ in , and scattered beams of the laser light, λ sc . The experimental data for I Z (ω) and I X (ω) profiles are plotted in Fig. 6 as linear and in Fig. 7 as polar plots. The intensities I Z (ω) and I X (ω) calculated from Eqs. (1) and
(2), with coefficients given in the Appendix, are shown by the solid and dotted lines in Figs. 6 and 7, respectively. ∆n values used in equations in the Appendix are taken from Ref. 22 . In a planar-aligned sample, the azimuthal distributions are strongly affected by several factors: (i) the substrate boundary conditions and (ii) the applied electric field. These separate out the uniform azimuthal distributions into two maxima in the SmA* phase. An electric field increases the contribution of one profile against the second and finally only one of the two maxima in the azimuthal distribution survives. In that case, the in-layer director n is tilted by θ Raman in a single direction (the apparent tilt angle approaches saturation for larger applied fields). A fitting of the experimental data to (i) only one of the two maxima in the ODF and (ii) the two maxima in the ODF are carried out. The latter is applied for cases where some molecules are tilted in one direction and the rest towards the opposite direction. As the electric field across the cell is increased, tilt of molecules in one direction grows at the cost of the second direction. This applies to case (i) and will later be discussed in Fig. 12(c) . In order to determine order parameters P 2 and P 4 from the Raman experiment, the simultaneous fits of I Z and I X , in Eqs. (1) and (2) and the constants given in the Appendix, to the experimental scattering data with parameters P 2 , P 4 , and ω M , are carried out. ω M is defined as the angle that the maximum of I Z makes with the optical axis. Quality of the data fitting can be gauzed from the fits shown in Figs. 6 and 7 which is high. In SmC* phase, the in-layer director n is tilted by θ Raman in a single direction, see Fig. 12(c) . The tilt direction is anchored onto the substrate-surfaces provided the twist and splay deformations of the director are negligibly small and are thus neglected. In the SmA* phase, however, a fitting of the ODF with an in-layer director n tilted by θ Raman in a single direction does not produce a satisfactory fit of the experimental data, see blue dashed lines in Fig. 6 . This demonstrates that I Z and I X profiles cannot be fitted reasonably with the same set of parameters of the ODF, i.e., with the molecular tilt only "in a single direction and sense" with respect to the layer normal.
The I Z and I X profiles in some cases can be considered as superimpositions of the two ODFs with positive θ Raman and negative θ Raman , with respect to the layer normal [see later the ODF in Fig. 12(b) ]. As an example, the fitting at a temperature of 53°C is shown in Fig. 6 by solid lines. The chi-square tolerance for the double maxima fit (solid lines in Fig. 6 ) is better by a factor of four compared to the fit with only a single maximum in the tilt in the ODF (dashed lines in Fig. 6 ). Figure 8 shows plots of P 2 and P 4 versus temperature. It is interesting to note that a sharp jump occurs for both P 2 and P 4 at the SmA*-SmC* transition temperature. This jump is reminiscent of the first-order nature of the SmA*-SmC* transition, confirmed by DSC investigations. 22 It is to be emphasized here that the order parameters are measured with respect to the optical axis. The optical axis is shifted by the measured apparent tilt angle in the Raman experiment. In such a case, the biaxial order parameters cannot easily be defined as the biaxiality is mainly from the tilt. It must be emphasized that for the IR spectroscopic investigations, the reference direction for the frame is the layer normal. Figure 9 shows plots of tilt angles: θ Raman and θ optical . θ optical is measured using a planar-aligned cell of cell-thickness 3 µm; across which a large electric field up to (E = 16 V/µm) is applied. We note that on cooling the sample from the isotropic state to the SmA* phase, θ Raman , initially stays at almost zero value but it gradually increases as the temperature reaches to within 5°C of the SmA*-SmC* transition temperature. In this figure, values of θ Raman agree closely with θ optical in the SmC* phase though there is a large difference in between the two angles in the SmA* phase. In the SmA* phase, we note that there are two values of θ Raman depending on the type of fit: either to single or to double maxima in the I Z profile. 
B. Infrared spectroscopic studies on a homeotropically aligned cell and the orientational order parameter; comparison of the IR and Raman spectroscopic results
For a homeotropically aligned cell in the SmA* phase, the IR absorbance is independent of the projection of the director onto the plane of the window; hence the IR polarizer is not required for this experiment. No electric field is applied to the sample in this experiment either. The IR spectra are averaged over 32 scans. The profile of the phenyl ring C− −C stretching mode at 1608 cm 1 is fitted to a Voigt function for calculating the integrated area, as the "total absorbance of the band." In the SmA* phase, the sample shows axial symmetry about the axis normal to the substrate. The orientational order parameter can be described by the Saupe ordering matrix. 30, 31 The order parameters from the experimentally measured absorbance components of a particular vibrational band 31 are calculated using the following equation:
where
A X , A Y , and A Z are the absorbance components of the light polarized in the X, Y, and Z directions, respectively. A 0 is the average intensity. The definition of the various angles involved in Eq. (3) is given in the caption of Fig. 10 . S and D are the Saupe order parameters S ij 30, 31 (the orientational and the molecular biaxial parameters, respectively) measured in the laboratory frame of reference where Z axis coincides with the smectic layer normal, S = S Z zz ; D = S Z xx − S Z yy . A 0 is taken from the absorbance measurements in the isotropic phase of the LC under investigation. For the mesogen core, the biphenyl stretching vibrations centred at ∼1608 cm 1 or ∼1570 cm 1 are chosen. Both of these vibrations lie almost parallel to the phenyl para axis. The ester stretching band C= =O centred at ∼1769 cm 1 can additionally be chosen, its transition dipole moment is almost transverse to the molecular long axis, i.e., β ≈ 90°. In some FIG. 10 . The laboratory and the molecular frames of reference: X, Y, Z and x, y, and z. The polar and azimuthal angles: β, γ are defined in the molecular frame of reference. β is the polar angle of the transition dipole moment, i.e., the angle between the molecular axis z and the transition dipole moment µ of the mode of vibration, γ being its azimuthal angle, i.e., the x axis makes with the projection of µ on the x-y plane (shown as a red line). θ and φ are the corresponding polar and azimuthal angles, respectively, in the laboratory frame of reference. cases, the molecular simulations are used for finding an appropriate value of β for a vibrational band of interest. These dominant vibrational bands are determined by the molecular structure. For 1608 cm 1 , β ≈ 7°and for 1769 cm 1 , β ≈ 74°, it is convenient to set the x axis in the plane of the ester group O− −C= =O so that for 1769 cm 1 , γ = 0°. If β ≈ 0°, we do not need to know the value of γ and can thus easily calculate S. For finding D, the C= =O stretching vibration band of the ester is used. This has β ≈ 74°γ ≈ 0°; again Eq. (3) can be used. The S values of the mesogen part of the molecule are determined and plotted in Fig. 11 . The magnitude of S in SmA* is found to be 0.58. It is rather low compared to an expected value of ∼0.8, Fig. 8 . A lower value of S implicitly indicates that the cores of the mesogens are tilted in the SmA* phase, the distribution of the molecular directors in SmA* is either uniform or random.
FIG. 11. The Saupe orientational order parameters calculated from the 1608 cm 1 band: S IR , experimental data points ( ) and S Raman , calculated red open circle ( ). The error bars in the Raman order parameter specify the maximum uncertainty. Here the frame of reference is Saupe. J. Chem. Phys. 147, 094903 (2017) In order to compare the Raman order parameter P 2 (cos θ) , measured with respect to the optical axis (or the director), with the Saupe order parameter S IR (measured from IR studies in the Saupe frame of reference where the reference axis is the layer normal), one needs to convert the former using the following equation: 18, 19 S Raman = P 2 (cos θ Raman ) P 2 (cos θ) .
In the Saupe frame, the layer normal is the reference axis, S Raman values are plotted in Fig. 11 , this exhibits an increase in its value in the SmA* phase with a reduction in temperature as expected. This is followed by a decrease in S Raman at the SmA*-SmC* transition temperature, caused in turn by the tilt of the mesogen away from the layer normal. S Raman is found to be slightly higher than S IR (S IR is the order parameter measured using infrared spectroscopy). For measuring S Raman , an electric field was applied across a planar-aligned cell but for S IR , the absorbance data were recorded in the absence of the applied electric field.
C. A general approach for finding the biaxial orientational order parameters
Since the phase biaxiality is induced by the surface/electric field in the SmA* phase, ODF requires both uniaxial and biaxial order parameters to describe the orientational distribution function. The ODF can now be expressed in terms of the generalised Legendre polynomials, P l,m,n , that include both sets of order parameters, 24, 25 
here the averages are defined as 
The expansion of the ODF in Eq. (6) is limited to the polynomials P l,m,n up to the order 4. P 200 and P 400 describe the uniaxial order parameters. These are the same as P 2 and P 4 , defined earlier. P 220 , P 420 , and P 440 are the phase biaxial order parameters defined by Eq. (7) . The reference direction is the layer normal in this case. The new definition of the ODF allows for the observed intensity profiles I X and I Z for each of the two analyser orientations to be re-calculated by including the biaxial-order parameters up to the order 4. Importantly, a set of the order parameters even up to the order six may not be enough for reproducing the ODF. In addition, most Raman scattering vibrational bands in the literature are obtained by fitting the profile of the depolarisation ratio I X /I Z and not by fitting both I Z and I X separately as is to be carried out over here. In other words, we fit to the numerator and to the denominator of Eq. (A5), separately. As discussed above, we do not reproduce the ODF using Eq. (6). We instead use the modeled ODF. This is based on Gaussian like dependencies in both the polar and the azimuthal angles, θ and φ with a standard deviation in the limits of small δθ and δφ, respectively, 32 as follows:
C is a constant in the scaling factor in Eq. (8), defined as
The proposed ODF of Eq. (8) satisfies the symmetry considerations of the SmA* phase. It is sufficient to vary the three parameters in the model: θ 0 , δθ, and δφ. The numerical value of φ 0 is chosen to be 0 or π in SmC* phase, depending on the polarity of the field. The orientational distribution function obeys a C 2 symmetry with respect to the azimuthal angle φ in the SmA* phase but in the absence of an external electric field. Then we shall have two equivalent maxima at θ 0 = 17°, φ 0 = 0 and θ 0 = 17°, φ 0 = 180°. On applying the field, the unfavourable maximum (φ 0 = 180°) is reduced but the favourable one (φ 0 = 0) grows, see Fig. 12, panel (b) . When the field is applied, we shall have C 2 symmetry with respect to the polar angle θ, where C 2 axis is perpendicular to the tilt plane in both panels (b) and (c). The modeled ODF is then used to calculate P l,m,n . An average X is defined as the ratio of the integrals of the moments of f (θ,φ),
where X = P 200 , P 220 , P 400 , P 420 , P 440 .
The averages P 200 , P 220 , P 400 , P 420 , and P 440 are expressed in terms of θ 0 , δθ, and δφ. These are inserted into the equations for the I X and I Z profiles, which now depend on the θ 0 , δθ, and δφ, used into a set of Eq. (A1). These I X and I Z profiles are fitted by these parameters to the experimental data. Finally P 200 , P 220 , P 400 , P 420 , and P 440 are calculated for the best fitted values of θ 0 , δθ, and δφ. At a temperature of 53°C in the SmA* phase, the ODF is given by the fitted values of δθ = 0.53 rad (30°) and θ 0 = 0.30 rad (17°). Values of the following uniaxial order parameters P 200 = 0.58 ± 0.02 and P 400 = 0.15 ± 0.02 are obtained in the laboratory co-ordinate system in which the Z axis is directed along the layer normal and not along the optical axis as in x-ray scattering. These values are related to those given previously ( P 2 and P 4 in a system where the Z-axis lies along the optical axis) as follows: P L00 = P L (cos θ C ) P L (cos θ) where L = 2 or 4, θ c is a cone angle, which here is the same as θ Raman .
Sanchez-Castillo et al. 17 formulae reduce to Hayashi et al. 15, 16, 18, 19, 33 when the three biaxial order parameters and the tilt of the frame from the layer normal to the tilt direction are equated to zero. It is emphasized here that Hayashi et al. calculated the order parameters with respect to the optical axis and for this reason they did not need to have the biaxial order parameters as these are de-convoluted by tilting the reference frame, results of Sanchez-Castillo et al. 17 however are based on the Z axis lying along the layer normal.
In a planar-aligned sample under the electric field, the ODF in the SmA* phase is not uniaxial but biaxial due to the deformation of the azimuthal distributions given by δφ = 0.82 rad (or 47°), Fig. 12(b) . The initial uniform azimuthal distribution splits into "two maxima" but as the electric field applied is continually increased, the contribution of one maximum unfavourable to the field is reduced in comparison with the second. This may also significantly increase the average cone angle due to electroclinic effect. A corresponding value of the uniaxial order parameters of the ODF for Fig. 12(c) is given by a set of order parameters: P 200 = 0.49 ± 0.02 and P 400 = −0.05 ± 0.02, whereas the biaxial order parameters are given by P 220 = 0.069 ± 0.005, P 420 = 0.033 ± 0.003, and P 440 = 0.004 ± 0.002. It is interesting to note that P 400 is somewhat slightly negative mainly because P 400 (cos θ C ) becomes negative as θ C > 30°.
In a homeotropically oriented sample in the SmA* phase, the molecules are tilted from the axis of the cone by an angle 17°with uniform azimuthal distributions, Fig. 12(a) . In the planar sample, however, the azimuthal distributions are strongly affected by the substrate boundary conditions as discussed above, the surface field alone induces biaxiality in the orientational order parameters. An increase in the applied electric field across a planar-aligned cell up to a saturation value of the tilt increases the biaxiality and the average cone angle. Fig. 1(b) . The color scale on the right indicates the relative magnitudes of f (θ,φ), red corresponds to the highest and blue to the lowest magnitudes (b) the ODF f (θ,φ) in a planar-aligned cell, with a weak electric field applied across the cell, the two maxima of diffuse-cone are seen in panel (b) . (c) f (θ,φ) plotted for the planar sample with a sufficiently large electric field applied across the cell. In the latter, the field applied is such that the tilt angle is saturated. In this case, the ODF is referenced at a tilt angle of 30°. The color scale for (a) is to be reduced by a factor of 3, for (b) it is to be reduced by a factor of two, both measured relatively to (c). The maxima in the tilt and azimuthal angles are associated with red subject to the scaling factors for (a)-(c).
IV. CONCLUSIONS
On the basis of the Raman and IR experiments carried out on a prototypal ferroelectric liquid crystalline material, we find that for a homeotropically oriented sample in the SmA* phase, the molecules are tilted on the cone by an angle of 17°. In the absence of an external electric field, a uniform azimuthal distribution shown in Fig. 12(a) is found from an analysis of the Raman results, the resulting liquid crystalline system is uniaxial (so long as the azimuths are uniformly distributed on to a cone). In a planar-aligned sample in the SmA* phase, the molecular distributions are strongly affected by the substrate boundary conditions, where this distribution separates out into two maxima with the result that the system gradually becomes increasingly biaxial. The electric field, when applied, reduces the contribution of one of the two maxima that is unfavourable to it [see Fig. 12 (b)] while at the same time significantly increases the average cone angle as well. When the field across the cell is further increased, the tilt finally reaches saturation, the unfavourable maxima out of the two completely vanishes, Fig. 12(c) . Based on results of the Raman spectroscopy, we find that the material with de Vries characteristics supports a broad diffuse-cone ODF in the SmA* phase. This is in line with the simulated volcano-like ODF with a polar tilt angle of 23°. 22 An additional important result follows from Fig. 8 , where the order parameters P 2 and P 4 jump at the SmA*-SmC* transition. This confirms the first-order nature of the transition already seen by DSC. The order parameters in Sec. III C are calculated on the basis that the Z axis of the laboratory frame is fixed to the layer normal; furthermore calculation of the Saupe order parameters in Sec. III B is also related to such a co-ordinate system.
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